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ABSTRACT 

The main motive of the present thesis is to investigate the contribution of isospin momentum 

dependent interactions in the multifragmentation of asymmetric colliding nuclei, in which the 

mass of target nuclei is fixed and the mass of projectile nuclei is varied. These different 

combinations of projectile and target nuclei have been simulated within the framework of 

Isospin Quantum Molecular Dynamics model (IQMD) and IQMD (Th01) model for the 

respective momentum dependent and isospin momentum dependent interactions. The results 

clearly signifies the importance of isospin momentum dependent interactions for asymmetric 

colliding pairs. Thus, the isospin dependence of momentum dependent interactions should be 

taken into account for the various studies related to highly asymmetric reactions.  
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Chapter 1 

INTRODUCTION 

The science of nuclear physics deals with the properties of “nuclear matter” which makes up 

the massive centers of the atoms accounting 99.95 % of the matter. The main attention is 

subjected to the structure of nuclei, interaction among nucleons (i.e. protons and neutrons), 

nucleon-nucleon scattering, as well as the structure of nucleons. Nuclear physics apart from a 

subject of basic research also makes a remarkable contributions to the needs of society, in 

terms of nuclear energy, nuclear medicine,  ion implantation in materials engineering, 

and radiocarbon dating in geology and archaeology etc. It also explores the heavy nucleus-

nucleus collisions which is of relevance not only for nuclear physics, but also for the 

astrophysical research [1]. Let us now review some of the features of heavy-ion physics.   

1.1  HEAVY ION PHYSICS 

The particle with mass number greater than or equal to the mass of alpha particle is known as 

heavy ion. Heavy ion collisions (HICs) are of great importance to understand many properties 

of nuclear matter, such as nuclear radii, nuclear structure, nuclear density, binding energy, 

different shapes of nuclei, interactions among nucleons (protons and neutrons)  and nucleon-

nucleon scattering. 

 

 

                        Fig.1.1: Schematic view of the Heavy ion collisions  

Fig.1.1 shows the heavy ion dynamics before and after the collision. HICs at intermediate and 

high energies creates a compressed state of matter at extreme conditions of density and 

http://en.wikipedia.org/wiki/Ion_implantation
http://en.wikipedia.org/wiki/Materials_engineering
http://en.wikipedia.org/wiki/Radiocarbon_dating
http://en.wikipedia.org/wiki/Geology
http://en.wikipedia.org/wiki/Archaeology


2 
 

temperature. HICs serves a purpose for understanding the nuclear matter in those conditions 

which are different from those in normal nuclei, such as density, as in this state the density 

becomes 2-3 times the normal nuclear matter density and temperature. This type of 

knowledge is also useful in astrophysics to understand the formation of neutron stars, 

supernova explosions and the evolution of the early universe [2]. 

On the basis of the energy of the two colliding nuclei, heavy ion physics can be classified in 

the following branches: 

1. Low energy HICs: E < 10 MeV/nucleon 

2. Intermediate energy HICs: 10 MeV/nucleon ≤ E ≤ 2 GeV/nucleon 

3. High energy HICs: E > 2 GeV/nucleon 

1.1.1 LOW ENERGY HICs 

This energy range deals with the nuclear interactions, fusion-fission, cluster radioactivity, 

synthesis of super heavy elements and halo nuclei etc [3]. In other words, the low energy 

concentrates mainly on the structure of the nucleus. The reaction cross-section at low incident 

energies consist of three categories namely, the fusion, quasi-elastic and deep inelastic 

scattering. All these processes depend upon the angular momentum of projectile and at 

incident energy. At this range of energy, the colliding nuclei cannot compress completely 

with each other, therefore due to the lack of free phase space, 98% of the collisions are 

blocked. Here, nucleon-nucleon collisions are negligible and only the mean field plays a 

dominant role. 

 

Fig.1.2 Schematic view of fusion at low energy (E < 10 MeV/nucleon) 
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1.1.2  INTERMEDIATE ENERGY HICs 

In this energy range, both mean field and nucleon-nucleon collisions play an important role. 

In this  energy range, maximum density achieved is equal to 2-3 times the normal nuclear 

matter density. In this range, the compressibility and the nature of  nuclear equation of state 

(NEoS) can be investigated. Due to the formation of compressed nuclear matter at 

intermediate energies, there is a possibility to study the properties of nuclear matter at 

extreme conditions of density and temperature. This range investigates the behaviour of 

hadrons, multi-fragmentation, nuclear stopping and collective flow etc. [4,5]. Fig.1.3 shows 

the schematic view of fragmentation  process at intermediate energy 100 MeV/nucleon. 

Reactions at intermediate energy range are violent enough to excite the system to very high 

temperature and density, that leads to the breakup of initial correlations among nucleons, but 

not enough to break the internal structure of nucleons or hadrons. 

 

 
 

Fig.1.3 Schematic view of multifragmentation at intermediate energy (100 MeV/nucleon) 

 

1.1.3  HIGH ENERGY HICs 

 High energy HICs deals with the properties of nuclear matter at energies greater than 2 

GeV/nucleon. Fig.1.4 shows a schematic view of collision at high energy 5 GeV/nucleon. In 

this range, the density and temperature is very high compared to normal nuclear matter. A 

highly hot and dense region represents the quark gluon plasma (QGP). In this range, the 

phenomena of particle production is usually studied. In this energy range, due to the 

availability of larger free space, only few collisions (4%) are blocked and hence Pauli 

blocking plays the negligible role in this range. The reaction dynamics at this energy is 

mainly governed by the nucleon-nucleon collisions [6], which are able to break the internal 
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structure of a nucleon.  

 

 

Fig.1.4 Schematic view of particle production at high energy (5GeV/nucleon) 

 

1.2 PHASE DIAGRAM OF NUCLEAR MATTER 

The nuclear matter produced from the HICs is being studied to understand the early history of 

the universe, and to understand the highly dense objects, called “neutron stars” that exist in 

the present day universe. At higher densities and temperatures, system undergoes a transition 

in their phase. 

In normal states at lower energy, nuclei show liquid-like characteristics. At this energy, 

density is 0.17 nucleons/fm
3
. In more conventional units, this is equals to 2.7 X 10

17
 kg/m

3
, 

or 270 trillion times the density of liquid water. In Fig.1.5, the phase diagram of nuclear 

matter is displayed. The normal nuclear matter at T = 0 and ρ = ρ0 represents a liquid phase. 

The liquid gas phase (LGP) transistion region at the lower left corner of the Fig.1.5 is shown 

by the temperature less ≈ 15 MeV and densities 0  < 1. The region of extremely high 

temperature and density represents the QGP phase. The hadron gas (HG) phase is present at 

intermediate densities and temperatures. The neutron star region extends from low density 

upto more than 10 times the normal nuclear matter density. The two lines that separate the 

QGP phase from the HG phase is the transition region [7]. 
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Fig.1.5  The phase diagram for nuclear matter, as predicted theoretically. The horizontal 

axis shows the scaled density, and the vertical axis shows the temperature. 

The main purpose of studying the nuclear matter phase diagram is to understand the 

astrophysical phenomena which helps in understanding the history of early universe. 

Depending on the temperature and densities, large scale investigation of the nuclear matter 

phase diagram is possible. Other regions like the neutron stars as well as supernova 

explosions are remote in time and far in space so, are of limited interest only. The region that 

provides information about nuclear matter and phase diagram under the extreme conditions is 

the HICs at intermediate energies. It offers an excellent possibility to study various 

phenomena such as nucleon-nucleon collisions, multi-fragmentation, collective flow and 

nuclear stopping etc. The specific region of the phase diagram and its related physics depends 

mainly on the incident energy of the system. Reactions at intermediate energies are vicious 

enough to excite the system to very high temperature that leads to the break-up of initial 

correlations among nucleons, but this temperature is not enough to break the internal 

structure of nucleons or hadrons. Therefore, HICs offers a unique opportunity to search the 

phase diagram also. It has been mentioned in [8] that the choice of the projectile in case of 

multifragmentation is responsible for 10 to 50% of the reaction cross-section. Furthermore, 

multifragmentation opens a unique opportunity for investigating the phase diagram of nuclear 

matter at densities around ρ ≈ 0.1ρ0 – 0.3ρ0 (where, ρ0 ≈ 0.17 fm
-3

 denotes the normal nuclear 

matter density) and temperature T≈3-8 MeV.  
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1.3 NUCLEAR EQUATION OF STATE  
 

NEoS played a central role in hot and dense nuclear matter physics, which shows a nontrivial 

relation between the thermodynamical variables such as between pressure P and baryon 

density ρ , between  temperature T, P(ρ,T) and chemical potential T, P(μ,T), between 

energy density e,  ρ and T, e(ρ,T), etc which characterize the medium. NEoS gives the 

information about how much the nuclear matter can be compressed at a given energy. The 

nuclear matter can be compressed  by colliding two nuclei; it means that the compressional 

energy is added  to the system. NEoS informs us that which compressional energy 

corresponds to which density. The NEoS is of interest, because it affects the fate of the 

universe at times t ≥ 1μs from the Big Bang and its features are behind the supernova 

explosions. Moreover, its features ensure the stability of neutron stars and tells about the 

supernova collapse [2]. 

 The next nontrivial feature of the energy per nucleon is its curvature in the dependence on ρ , 

around ρ0. This curvature is commonly quantified in terms of the factor, called as nuclear 

incompressibility, which is defined as [5] 

 

                                                     
2

2
2

09








W
K                                                                (1) 

                                                           

The value of K ranges from about 200 MeV, which is less repulsive and known as soft 

equation of state (EoS), up to about 400 MeV, which is more repulsive and known as hard 

EoS. The corresponding compressional energy curves are shown in Fig.1.6.   

Apart from different EoS, the momentum dependence of EoS has also attracted lot of 

concentration. From the reference [9], it should be noted that the compressibility depends                                                  

not only on the density but also on the entire momentum plane. In other words, EoS not only 

depends on the population of nucleons but also depends upon their relative velocities. These 

momentum dependent interactions (MDIs), give rise to two new equations of state. A set with 

momentum dependence and soft EoS is called SMD, whereas a hard EoS with momentum 

dependence is called HMD. Out of the various phenomena which are being studied at 

intermediate energy HICs, multifragmentation is one of the important phenomena, which is 

discussed in the next section. 
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Fig.1.6  The density dependence of the compressional energy per particle. The hard, soft, 

hard momentum dependent (HMD) and soft momentum dependent (SMD) interactions are 

shown by solid, dash-dot-dash, dash-double-dotted and dashed lines, respectively. This 

Figure is taken from reference [5]. 

 

1.4  MULTIFRAGMENTATION 
  

The crushing of the colliding nuclei into pieces leads to the phenomenon of 

multifragmentation. After the collision, the nuclear matter undergoes a phase transition. The 

highly compressed and concentrated nuclear matter gets condensed by the emission of large 

number of fragments as shown in Fig.1.7. The fragments are classified as free nucleons 

(FN’s) [A = 1], light mass fragments (LMF’s) [2 ≤ A ≤ 4], medium mass fragments (MMFs) 

[5≤A≤9], intermediate mass fragments (IMFs) [5≤A≤Atot/6] as well as heavy mass 

fragments (HMFs) [21≤A≤Atot/6]. The multifragmentation is an interesting process where 

one is interested to know the reason of this break up that it is a statistical process, making 

micro canonical phase space model a proper tool or it is driven by the fluctuations during the 

reaction [10].  A schematic view of the multifragmentation  is illustrated in Fig.1.7.  

The Fig. 1.7 shows that at intermediate energy, two nuclei collide to form a highly 

compressed nuclear matter and then decompose into small, medium and large size fragments. 

This compressed nuclear matter gives information about the nuclear matter under extreme 

conditions. Multifragmentation is a universal phenomena which takes place when a 

substantial amount of energy is transferred from one nucleus to the other nucleus. This 
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process has been observed in nearly all types of high energy nuclear reactions induced by 

photons, heavy ions and hadrons. During the initial phase of the reaction compression in the 

 

 

Fig.1.7  Two nuclei collide to form a compressed matter and then fragmented. 

 system exists and due to the high excitation energy, the system will expand to subsaturation 

densities, becoming unstable compressed matter and then break up into many fragments. 

Multifragmentation is a fast process with characteristic time less than or around 100 fm/c. The 

detailed analysis of the fragmentation process on the experimental and theoretical front 

revealed that the fragmentation depends crucially on the impact parameter, incident energy, 

total mass, isospin asymmetry and the mass asymmetry of the colliding nuclei [11]. The mass 

asymmetry is explained in the next section. 

1.5 MASS ASYMMETRY 

The HIC’s include two types of reaction, mass symmetric and mass asymmetric reactions. 

Mass symmetric reactions are those in which there are equal number of  neutrons and protons 

in the projectile and target nuclei. On the other hand, the mass asymmetric reactions are those 

in which number of neutrons and protons are not equal in the projectile and target nuclei. 

The mass asymmetry parameter ( ) can be defined as [9], 

 

                                           
PT

PT

AA

AA




                                                                         (2) 

 

where, AT and AP are the masses of  target and projectile nuclei respectively. 
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The  = 0 corresponds to the mass symmetric reactions, whereas non-zero values of   

corresponds to the mass asymmetric reactions. The distribution of nucleons is symmetric for 

mass symmetric reactions in the reaction plane, whereas for the mass asymmetric reactions, 

the distribution is asymmetric in the reaction plane. 

 The mass asymmetry of the colliding nuclei also effects the production of fragments. In the 

asymmetric colliding nuclei, the heavier mass (A
max

) continuous to grow and close to the sum 

of mass of colliding nuclei. In contrast, the production of FNs, LMFs and IMFs  shows a 

opposite trend as compared to A
max

, which comes into picture due to the decrease in the 

participant zone [12]. For the present objective, asymmetric colliding nuclei have been taken 

into account in which the target is fixed but mass of the projectile is varied. Before moving 

further, various experimental and theoretical attempts made in the direction of mass 

asymmetric reactions have been reviewed in the next section. 

 

1.6  REVIEW OF EXPERIMENTAL EFFORTS 
 

Many experimental efforts have been made in studying the process of multifragmentation in 

HICs at intermediate energies. In the following, we shall present the review of this 

phenomena explained by different collaborations. 

 

 

 The experiments performed in Berkley served a purpose for the intermediate energy 

HICs to probe the EoS. The Berkley group focuses mainly on the mass asymmetric 

reactions named as 
197

Au+
27

Al, 
51

V and 
nat

Cu to investigate the role of entrance-

channel mass asymmetry reaction dynamics. This group perform the reactions from 

the energy 50 to 110 MeV/nucleon to determine the role of mass asymmetry [13]. The 

emphasis was on different parameters like excitation energy, cross-section as well as 

velocity distribution etc. 

 

 National Superconducting Cyclotron Laboratory (NSCL) of Michigan State 

University (MSU) also worked on the mass asymmetric 
36

Ar+
19

7Au reactions at 

energy 50 MeV/nucleon. In this the average multiplicity as well as the heaviest 

fragments are recorded. For both symmetric and asymmetric reactions, the isospin 

effects are studied by neutron-proton spectra double ratio, binding energy etc [14]. 

 



10 
 

  Bowman et al. [15] study the multifragmentation for 
129

Xe+
197

Au at E=50 

MeV/nucleon with a low threshold 4π detection systems. They examined the 

multifragmentation decay of this system as a function of multiplicity of charged 

particles. The results are compared with both statistical and dynamical models. 

 

 The FOPI and ALADIN groups at GSI studied the multifragmentation  for 

asymmetric reacting partners. They studied the multifragmentation process over a 

wide range of masses from 
12

C to 
208

Pb between the energies from 100 and 1000 

MeV/nucleon. They showed the rise and fall in the multiplicity of intermediate mass 

fragments (IMFs) [16].          

 

 The NIMROD collaboration at TAMU studied the dynamics of HICs in the Fermi 

energy range. These collisions proved to be very useful in preparing highly excited 

light nuclei [17]. The EoS of isospin asymmetric nuclear matter has been also studied 

by this collaboration. They also studied the emission of IMFs (Z>2) in 
124

Sn, 

124
Xe+

124
Sn and 

112
Sn at 28 MeV/nucleon [18].  

 

 INDRA group at GANIL (France) analyze the variety of parameters in 

multifragmentation. They studied the system size effects, the role of system size in 

entrance channel as well as kinetic energy spectra and fragment velocity correlation in 

asymmetric reaction 
124

Xe+
nat

Sn at 50 MeV/nucleon [19]. 

 

 De Souza et al. [20] observed a linear increase in the multiplicity of IMFs for central 

collisions at energy E=110 MeV/nucleon by the use of a low-threshold 4π detector 

array.  Tsang et al. [21] showed a rise and fall in the multiplicity of the IMFs with the 

framework of SIS at GSI for symmetric nuclei. Their study shows that, as one goes 

for low to high energies, the maximum value of the IMFs shifts from central to 

peripheral collisions. 

 

 Another study in which L. Manduci et al. [22] analyzed the reaction 
93

Nb+
nat

Mg  at 

the incident energy of 30 MeV/nucleon and observed that the fragmentation process is 

responsible for fragment production around the excitation energy of 3 MeV/nucleon.  
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 Experimental evidences for the statistical property of nuclear fragmentation has been 

made for reactions 
197

Au projectile with different targets as C, Al, Cu.  and various 

new quantities have been measured in ref. [23]. These quantities include the mean 

multiplicity of intermediate mass fragments <NIMF> (5≤A≤Atot/6) ,the average 

charge of the largest fragment (Zmax), the sum of all charges with Z≥2 etc. The 

quantity which is intimately related to the multifragmentation process is the 

multiplicity of IMFs. The correlations between the <NIMF>, and the mass of 

fragmenting system, whose measure is so called bound charge (Zbound) and is an 

important aspect of the multifragmentation process that has been studied by many 

groups [23,24]. They also observed the rise and fall in the multiplicities of IMFs. 

 

 C. William et al. [25] carried out experiment for central collision of 
84

Kr+
197

Au at the 

incident energy between 30 and 400 MeV/nucleon. They found the peak in the IMF 

production around 100 MeV/nucleon.  

 

 One of the early attempts to study the multifragmentation was made by Jakobsson et 

al. [26], in which the charged particle distribution (along with their kinetic energy 

spectra) was measured for 
16

O+
36

Ar induced reaction between 25 MeV/nucleon and 

200 MeV/nucleon representing the fusion, fission, particle emission, and 

multifragmentation. 

 

1.7  REVIEW OF THEORETICAL EFFORTS 

If the mass of projectile and target are comparably same, then reaction leads to high     

compression whereas, mass asymmetric reactions leads to the heat or thermal energy. In the 

theoretical treatment, there are many objectives before and after the collision in time scale on 

which the theory can be proposed. There are many theoretical attempts to study the 

multifragmentation process at intermediate energy, which can be explained as: 

  

 

 Liu [27] studied the isospin effects on the process of multifragmentation and 

dissipation by considering the two pairs of asymmetric colliding nuclei 
76

Zn+
40

Ar
 
and 

76
Kr+

40
Ca, 

120
Cd+

40
Ar

 
and 

120
Xe+

40
Ca

 
for central collisions.  
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 Y.K. Vermani et al. [28] studied the energy and mass dependence of fragment 

production with Quantum Molecular Dynamics (QMD) [29] model for mass  

symmetric as well as mass asymmetric reactions. Their results showed a linear mass 

dependence at the peak of centre of mass energy at which maximal IMF production 

occurs.  

  

 Another study for the mass symmetric as well as mass asymmetric reactions was 

given by Sisan et al. [30]. They studied the emission of IMFs for central collisions 

and predicted a rise and fall in the emission of IMFs with beam energy for the 

reactions 
40

Ar+
45

Sc at energy 35-115 MeV/nucleon, 
58

Ni+
58

Ni at energy 35-105 

MeV/nucleon and 
86

Kr+
93

Nb at energy 35-95 MeV/nucleon and observed a linear 

peak energy dependence on the size of the system. 

 

 V. Kaur et al. [31] studied the fragmentation process by varying the mass asymmetry 

of the colliding nuclei from 0.2 to 0.7 at a fixed centre of mass energy. Their study 

predicts that, rise and fall in the multiplicity of IMFs observed for symmetric 

collisions, is reproduced nicely for the asymmetric collisions. However, this trend is 

missing for larger mass asymmetric colliding nuclei. Another study of the 

multifragmentation for the asymmetric colliding nuclei XeO 136

54

16

8  , XeSi 124

54

128

14   [12] at 

different energies showed that LMFs originate from the mid-rapidity region and they 

are best suited for studying the effects of mass asymmetry on the reaction dynamics. 

This study is performed within an isospin-dependent quantum-molecular dynamics 

(IQMD) model [32]. In this study, the coulomb interactions were absent which 

enhance the production of fragments by 20%. In this study, they showed that nearly 

symmetric nuclei depict a well known trend i.e. the rise and fall around E=100 

MeV/nucleon, but this trend is absent for larger asymmetric nuclei.  

 

 J. Singh et al. [33] discuss the importance of momentum dependent interactions 

(MDI) in explaining the multifragmentation for mass asymmetric reactions named as 

O+Br. The reactions were simulated with the QMD model. They observed that MDI 

enhances the multiplicity of fragments for highly mass asymmetric reactions.   
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 Another study by J. Singh et al. [34] discuss the role of MDI and larger nucleon-

nucleon cross section in multifragmentation using QMD model for mass asymmetric 

reactions. They predicted that the sensitivity of larger cross section towards the 

multifragmentation gets reduced in the presence of MDI. 
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Chapter 2 

 

METHODOLOGY 
 

Presently, many theoretical tools are also available to compare the various theoretical 

achievements with the experimental findings. The theoretical models make the situation more 

complicated. The key point to remember is that the HICs involve very complicated non 

equilibrium physics. Therefore, its understanding is not straight forward. The theoretical 

models at intermediate energy can be divided into two parts:  

 Statistical models 

 Dynamical models 

The statistical models give a better description of the final stage of the reaction only. 

Example of the statistical model is statistical multifragmentation model (SMM) [35], which 

can incorporate specific nuclear properties directly. The dynamical models are very useful for  

studying the reaction from the initial state to the final state, where matter is fragmented and 

cold. Example of the dynamical models are Time Dependent Hartree-Fock (TDHF) 

approximation, first proposed by Dirac in 1930 [36].  

The Hartree-Fock theory and Schrodinger equation are suitable for low energy reactions and  

have discussed the mean field theory [37]. The Cascade model [38] describes high energy 

HICs which takes into account only nucleon-nucleon collisions without taking Pauli-blocking 

into account. It neglects the mean field completely and do not take the isospin degree of 

freedom into account. To take the nucleon-nucleon collisions into account, Extended Time 

Dependent Hartree Fock Theory (ETDHF) [39] is used. Intra Nuclear Cascade [40] model is 

used for describing high energy HICs. This is the first microscopic model in which the mean 

field is neglected and nucleon-nucleon collisions are taken into account without considering 

Pauli-blocking. The microscopic transport model for one body Wigner phase space density 

distribution obtained by different names although they solve the same equation. Boltzmann-

Uehling-Uhlenback equation (BUU) [41], which is used to study the large deviation problems 

of low, intermediate and relativistic high energy HICs. The BUU Model  includes nucleon-

nucleon collisions with  the inclusion of Pauli Blocking. The BUU equation describes the 

time evolution of the one body distribution function. Event by event correlation cannot be 

analyzed with one body transport models. The BUU model is able to explain the one body 

observables like collective flow, stopping as well as particle spectra, while N body features 
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are not described by this model because the correlations and fluctuations are not preserved in 

this model.  IBUU model [42] is the isospin version of the BUU model. In this model, isospin 

dependence has been incorporated  by both the elementary nucleon-nucleon scattering cross 

section and the nuclear mean field. The Classical Molecular Dynamics (CMD) approach, 

which is an N-body theory, is capable of treating both the compression and fragment 

formation, but these calculations were done only on a completely classical level. Aichelin and 

Stocker, in 1991, introduced the quantum features like the Pauli principle, Stochastic 

scattering and particle production in a model which is dubbed as Quantum Molecular 

Dynamics (QMD) Model [29], and is based on an event by event method.  

QMD neglects the relativistic part and hence is valid for the incident energies below 1 

GeV/nucleon. If one needs to go beyond this energy, one needs to take care of proper 

relativistic tools. Then one can use relativistic version of QMD i.e. RQMD [43]. Also QMD 

does not include the isospin effects. Therefore, modified version of QMD, i.e. IQMD has 

been developed. The present study has been carried out within the framework of IQMD [32] 

and IQMD (Th01) model [44] and both of these are explained in the following sections. 

 

2.1 Isospin Quantum Molecular Dynamics (IQMD) model 

The Isospin Quantum Molecular Dynamics (IQMD) [32] model is an extension of the QMD 

model which does not incorporate the isospin degree of freedom. In the IQMD model, the 

isospin degree of freedom enters through the isospin dependent nucleon-nucleon cross-

sections, Coulomb interactions, and symmetry potential. The elastic and inelastic cross-

sections for proton-proton, neutron-neutron as well as proton-neutron are supposed to be 

affected in the presence of isospin. In IQMD model, neutron and proton are separated from 

each other.  

The  IQMD model treats the different charge states of nucleons, deltas and pions explicitly. 

The IQMD model has been used successfully for the analysis of large number of observables 

from low to relativistic energies [45]. This model involve three important steps: First, one has 

to generate the nuclei. This procedure is called as initialization. The nuclei  propagate under 

the influence of surrounding mean field. This is termed as propagation. Finally, nucleons are 

bound to collide if they come too close to each other. This part is dubbed as collisions. These 

three steps are discussed below:  
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(a) Initialization  

Nucleons are represented by Gaussian wave packets which interact by mutual two      and 

three body forces. Each nucleon is represented by a coherent state of the form:  
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 where, the Gaussian width (L) represents the interaction range of the particle. The system 

dependence of L has been introduced in IQMD in order to obtain maximum stability of the 

nucleonic density profiles. For the heavier system (e.g. Au + Au), its value is chosen to be 

8.66 fm
2
, while for lighter one (i.e. Ca + Ca), its value is 4.33 fm

2
. In order to initialize a 

nuclei, space and momentum co-ordinates have to be assigned to all the nucleons. In three 

dimensional space, the centre of Gaussian wave packet ri are uniformly distributed in polar 

co-ordinate by 

                                                       r  =   R  1
1/3 

                                                                    (4) 

                                                       cos  = 1-2 2                                                                   (5) 

                                                        ϕ = 2  3                                                                         (6) 

 

where  1,  2,  3 are the random numbers. The co-ordinates of nucleons are rejected, if the 

distance between them is less than 1.5 fm. Following the liquid drop model, the nucleons are 

initialized in a sphere of radius R=1.12A
1/3 

fm. The nucleons are initialized with the 

momentum, which is randomly chosen between 0 and Fermi momentum (PF), without any 

further local constraints in the momentum values. The Fermi momentum PF depends on the 

ground state density. For ρ0 = 0.17 fm
−3

, it has a value of about 268 MeV/c. This possibility, 

however, gives a reduced binding energy per nucleon as compared to Weizsacker mass 

formula. Hence,  the initialized nuclei are less stable. On the other hand, this situation makes 

available the full Fermi-energy calculated from the Skyrme ansatz. The full Fermi pressure 

yields a stronger stability of the density profile against vibrational modes. Moreover, the 

IQMD model performs a Lorentz contraction of the nucleus coordinate distribution, which 

becomes important at the higher energies. In order to obtain the smoother distribution of 

nucleons in phase space, the main requirement is  

                         

                                              ǀ ri – rj ǀ
2
 ǀ pi – pj ǀ

2
  ≥ dmin                                                      (7) 
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Once the target and projectile nuclei are generated with proper initialization, they are        

boosted with proper center of mass velocity. The propagation is discussed in the next section. 

 

(b) Propagation 

The successfully initialized nuclei are then boosted towards each other with proper centre of 

mass velocity using relativistic kinematics. The centres of projectile and target move along 

the Coulomb trajectories upto a distance of 2 fm. The interaction between the nucleons of 

target and projectile through two and three-body Skyrme forces, MDIs and a Yukawa 

potential. The isospin dependent cross section, symmetry potential and Coulomb interaction 

explicitly treats the isospin degree of freedom between protons of colliding target and 

projectile. This gives the correct distribution of protons and neutrons within nucleus.  

           The propagation of hadrons is explained by using the Hamilton equations of motion:  
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          The baryon-baryon potential    , in the above relation, reads as: 
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Here,    and    denote the charges of  th and  th
 baryon, and iT3

, jT3
 are their  respective     3 

components (i.e. 1/2 for protons and -1/2 for neutrons). The Yukawa term (with t3= -6.66 

MeV and μ=1.5 fm) has been added to improve the surface properties of the interaction 

which are very important for multifragmentation. Meson potential consists of Coulomb 
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interaction only. The parameters μ and  1… 6 are adjusted to the real part of the nucleonic 

optical potential [5]  
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Similar to the QMD model, two different EoS have been implemented. A hard nuclear EoS 

with a compressibility of 380 MeV and a soft EoS with compressibility of 200 MeV [32].  

Other baryonic potentials like 
ij

Yukawa

ij

Skyrme VV , are isospin independent however, the  details 

of  MDI and their isospin dependence (IMDI) have been discussed in detail in section 3.1 and 

3.2. The model which deals with IMDI i.e. IQMD (Th01) [44] is also discussed in section 

3.2. The Yukawa potential 
ij

YukawaV  in IQMD is very short ranged (μ = 0.4 fm in contrast to μ = 

1.5 fm in QMD) and weak potential. Yukawa forces stabilize the nuclei because of the 

increase of the interaction range as compared to a δ-like Skyrme-potential. This results in the 

reduction of fluctuations. For a nucleus in its ground state, the expectation value of total 

Hamiltonian  corresponds to its total binding energy. On comparing it to the semi empirical 

mass formula, the Skyrme and MDI contributes to the volume energy and the symmetry 

interaction contributes to the symmetry energy.  

 

(c) Collision 

Although, the collision process is same as in the QMD model, yet the Pauli blocking becomes 

isospin dependent i.e. the occupancy of phase space of scattering partners is checked for the 

particles having same isospin as that of the scattered one. In fact , two particles collide if their 

minimum distance r, i.e. the minimum relative distance of the centroids of the Gaussians 

during their motion, in their centre of mass frame fulfills the requirement: 

 

                                       typesrr tot

tot

ji ,, 



                                               (12) 

where “type” in above equation denotes the ingoing collision partners (N-N, N-Δ, N – π etc.). 

In the final state, Pauli blocking is taken into account. The collisions which violate the Pauli 

principle are neglected. 
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Whenever a collision occurs, the phase space around the scattering partners is checked. Each 

nucleon is assumed to occupy a sphere in coordinate and momentum space. This yields the 

same Pauli blocking ratio as an exact calculation of the overlap of the Gaussians will yield. 

The fractions P1 and P2 of final phase spaces for each of the two scattering partners that is 

already occupied by other nucleons, is calculated. The collision is blocked with a probability: 

                                        

                                           Pblock = 1- (1- P1) (1- P2)                                                          (13) 

 

The colliding particles can also scatter elastically or inelastically. At high energies the 

influence of Pauli blocking is less and kinetic energy is large as compared to the potential.  

Therefore, total cross section is the sum of elastic and inelastic cross section 

                         

                                    σtot = σel + σinel = σel + Σchannelsσi                                                        (14) 

 

The next section discusses the various clusterization techniques.  

 

2.2 METHODS OF CLUSTERIZATION: 

 

Once the phase space is generated by the IQMD model, we need to clusterize or group the 

different particles in the form of fragments according to various conditions. This is done 

through different clusterization algorithms. These algorithms impose constraints on the 

relative distance, momentum, or binding energy between two particles and form a fragment 

accordingly. In this study, we will confine ourselves to only two clusterization 

techniques/algorithms which are discussed below in brief.  

 

(a)   Minimum Spanning Tree (MST):  

In MST [29,34,46,54,61] method, two nucleons share the same fragment, if the distance 

between their centroids are closer than a distance dmin, 

                                                           

                                                        |ri-rj| ≤ dmin                                                                (15)        

where, ri and rj are the spatial positions of both nucleons. The value of dmin can vary between 

3-5 fm.  This approach allows to define the fragments in a very convenient manner. It is a 

simplest approach.                    
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Fig.2.1 : Fragment production using MST method where distance between nucleons is 

≤  4 fm.  

 

(b)   Minimum Spanning Tree with Momentum Constraint 

(MSTP): 

As discussed above, the MST method detects the fragments which are close in spatial space 

only. These fragments may have different momentum. So, MST method does not give the 

true fragment structure. In order to get the fragments which are close in spatial as well as in 

momentum space, put an additional constraint on the MST algorithm. This new method with 

the momentum constraint is known as MSTP [47]. For the true fragmentation, the nucleons 

required to meet the following conditions: 

                                                             mindrr ji                                                            (16) 

                                                             minppp ji                                                         (17) 

 

Where pmin of the two nucleons is about the average value of Fermi momentum of nucleons. 

In the next chapter, MDI and IMDI are discussed in detail in section 3.1 and 3.2 respectively. 

In section 3.3, the results and discussions are presented which are based on the analysis of 

time-scale of fragments with spatial and momentum constraints. 
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Chapter 3 
 

Effect of isospin momentum dependent interactions on 

multifragmentation of mass  asymmetric colliding nuclei 

 

3.1  Momentum Dependent Interactions (MDI) 

The study of intermediate energy HICs need correct treatment of nuclear interactions. MDIs 

play a very important role in determining the nuclear dynamics. So it is necessary to include 

the momentum dependent of the mean field generated in HICs [48] to acquire a reasonable 

theoretical prediction and it is an important feature for the fundamental understanding over a 

wide range of densities and temperature. 

It is widely accepted that the static EoS, which depends only on the density and cannot 

describe the heavy ion reactions properly. As earlier explained, the contribution in the 

reaction dynamics is not only due to the density but due to the momentum also. It is argued 

by many authors that the momentum dependent nature of the EoS can also have a significant 

effect in those situations where the nuclear matter is mildly and weakly excited. If matter is 

highly compressed, the nucleon-nucleon correlations are broken due to violent and frequent 

nucleon-nucleon collisions. If matter is either weakly or mildly excited, the MDI can have 

sizeable effects. In the framework of G-Matrix, the momentum dependence comes in a 

natural way [49]. 

The MDIs can be obtained by parameterizing the momentum dependent part of the optical 

potential, which is given by [50] 
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Here t4= 1.57 MeV and t5= 5x10
-4

 MeV
-2

. 

The final form of the momentum dependent potential is given by 
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where γ is the compressibility factor. MDI give rise to the two new EoS, namely Hard 

momentum dependent (HMD) and soft momentum dependent (SMD), having same  

compressibility as that of static hard and soft EoS. The MDIs without isospin in IQMD is 

shown by eq. (18) which comes from optical potential. The initial attempts with MDI have 

showed a drastic change in the values of collective flow as well as particle production [30,51-

53]. The pion yield were found to be suppressed by almost 30% in the presence of MDI 

[5,29]. MDIs are also found to affect the multifragmentation [54,55] and nuclear stopping 

[56]. So, MDI play an important role in HICs at intermediate energies. 

As discussed earlier, MDI play a crucial role in the description of HICs and can be explained 

by the Fig. 3.1. We see from the Fig. 3.1 that the momentum of the individual particle has a 

negligible role until the projectile and target nuclei overlap with each other. As the projectile 

and target overlapped with each other [see Fig.3.1(a)], the interactions takes   place  between  

the  nucleons   of   projectile   and   target, which  has  a  large relative momentum in  

 

Fig.3.1: Transverse momentum caused by momentum dependent forces. (a) The reaction 

in the beam-impact parameter plane. (b) Graphical view of the potential produced in the 

reaction. We see that in the overlap region strong repulsive and outside it an attractive 

potential. This figure is taken from ref. [29]. 

 

comparison to single nuclei. Due to such a large relative momentum, the nucleons of the 

projectile feels a strong repulsion from the nucleons of the target in the overlapped region and 

vice-versa. [see Fig.3.1(b)], while the nucleons in the spectator zone are either from the 

projectile or from the target and hence potential is still attractive in the spectator region [see 

Fig. 3.1(b)] and in this region mean field dominates. This deflects the nucleons in the 

transverse direction during the early phase of the reaction, which results in the transfer of 
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momentum in the radial direction. Hence results in decrease in density as well as number of 

collisions. The isospin dependence of MDI have been discussed in detail in the next section.  

 

3.2  Isospin Momentum Dependent Interactions (IMDI) 

Although the role of MDI in the reaction dynamics in HICs has been investigated from many 

years, but the effect of IMDI have not gain much importance. Liu et al. [57] for the first time, 

considered an isospin degree of freedom into the MDI to obtain IMDI which should be 

different for neutrons and protons. To study the effect of IMDI on the reaction dynamics of 

HICs, they put an isospin degree of freedom in the MDI in IQMD to obtain the IMDI. It has 

been found that IMDI induces the significant reduction in the isospin fractionation  ratio [58]. 

Therefore, the isospin factor of the MDI is important for extracting the information about the 

EoS of asymmetrical nuclear matter.  

The methodology for the isospin term, which uses in the MDI to obtain IMDI is based on the 

fact that neutron-proton correlations are stronger than the neutron-neutron, proton-proton 

correlations [59,60]. Then the isospin based MDI potential can be read as 

                                           

                                      ij

MDI

jiij

IMDI VTTV 335.00.1                                                   (20) 

 

Where 
iT3  and 

jT3  are the isospin components of interacting baryons. This new model with 

inclusion of isospin into the MDI is known as IQMD (Th01) model [44]. Such that the total 

potential in IQMD (Th01) takes the form: 

                              

                                     symIMDICoulYukawaSkyrme VVVVVV                                (21) 

 

The compressional energy per particle for static (soft and hard EoS) and momentum-

dependent interactions (SMD and HMD EoS) as a function of density is shown in Fig.1.6. 

From the figure, it is clear that there is no difference between static and momentum-

dependent EoS at normal nuclear matter density. However, the difference between different 

EoS goes on increasing with the increase in density above normal nuclear matter density.  

Thus, the MDIs govern the dynamics of HICs.  These results motivated us to study IMDI in 

intermediate energy HICs.    
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Lots of studies have been reported in the literature that focuses the effect of MDI on 

multifragmentation [54,55]. These studies predicted a significant effect of MDI on 

multifragmentation at peripheral collisions [61]. Unfortunately, no study has been carried out 

to look into the details of the fragment structure using IMDI. However, many authors have 

studied the role of IMDI and proposed an important spin effect into the isospin fractionation 

ratio (IsoFR) and the dynamical mechanism involved in the intermediate energy HICs 

[57,62]. Jun Xu et. al. [63] gives IMDI in-medium effective interactions for the baryon octet, 

which will be useful in transport models that simulate HICs in future radioactive beam 

facilities, particularly at FAIR/GSI energies. Within the framework of IBUU transport model, 

an extensive amount of work has been carried out to study the various isospin-sensitive 

observables using IMDI in intermediate energy HICs [1,64]. Also, Das Gupta and others gave 

a formula for IMDI and Skyrme potential for Boltzmann-Uhling-Uhlenbeck (BUU) 

calculations and for HICs induced by neutron-rich nuclei [65]. From the above review, it is 

clear that the role of IMDI in the multifragmentation of asymmetric colliding nuclei will be 

interesting to be investigated. The results related to the work carried out for the present 

objective are discussed in the next section.   

 

3.3  RESULTS and DISCUSSION    

In the previous chapter, the details of heavy ion reactions and the different methods to deal 

with them have been discussed in detail. For the detailed investigation of IMDI in the 

asymmetric reactions, the simulations have been carried out for various mass asymmetric 

systems namely AuC 197

79

12

6  (ɳ=0.8), AuMg 197

79

24

12  (ɳ=0.7), AuAr 197

79

40

18  (ɳ=0.6),  AuFe 197

79

56

26 

(ɳ=0.5), AuKr 197

79

83

36  (ɳ=0.4) and AuXe 197

79

131

54  (ɳ=0.2) for the full range of incident energy (40 

to 600 MeV/nucleon) and scaled impact parameter, 9.0,6.0,3.0,0/ˆ
max  bbb [where b is 

particular impact parameter in Fermi (fm) and bmax = 1.12(AT
1/3 

+ AP
1/3

), AT and AP are the 

masses of target and projectile nuclei respectively]. Since bmax is different for different 

systems, hence the value of b̂  will obviously be different for different systems. In addition to 

these, the reactions of AuCa 197

79

40

20  (N/Z=1), AuCa 197

79

48

20  (N/Z=1.4), AuCa 197

79

52

20  (N/Z=1.6), 

AuCa 197

79

60

20  (N/Z=2.0) have also been studied. A soft EoS has been employed with 

momentum dependent interactions named SMD and with isospin momentum dependent 

interactions named as ISMD. Motivated by the extensive study carried out by K.S. Vinayak 
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[66], the form of the density dependent symmetry energy corresponding to 66.0  has been 

chosen. The reaction has been carried out till 200 fm/c, which is considered as saturation 

time. The phase space produced by the IQMD and IQMD (Th01) models have been analyzed 

with MSTP technique, in which dmin is chosen to be 4 fm and pmin is chosen to be 150 MeV/c. 

 

3.4 Snap shot of the Phase Space 

3.4.1 Spatial and momentum Distribution 

A plot of position and momentum co-ordinates as a function of time is sometimes known as 

phase plot or phase diagram. Fig.3.2 and 3.3 shows the phase space of projectile and target 

nucleons in X-Z and Px-Pz plane for the mass asymmetric reactions namely AuC 197

79

12

6  , 

AuFe 197

79

56

26  , AuXe 197

79

131

54  for 3.0ˆb  and nucleonMeVE /100 .   

As a first step, the phase space distribution of the projectile and target nucleons have been 

visualized. The panels from top to bottom represents the results at different time steps.         
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Fig.3.2: Coordinate space distribution of the projectile and target nucleons in X-Z plane. 

The reactions under study are AuC 197

79

12

6  , AuFe 197

79

56

26   and AuXe 197

79

131

54  at an incident energy 

E=100 MeV/nucleon and scaled impact parameter, 3.0ˆ b . The panels from top to bottom 

are representing the coordinate space of nucleons at different times. 
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We display the coordinate and momentum space distribution of the nucleons of projectile and 

target for the reactions having mass asymmetry ɳ= 0.8, ɳ=0.5 and ɳ=0.2. After the  

overlapping stage, repulsion is generated for projectile as well as target nucleons. While the 

projectile nucleons travel through the target and they experience the strong transverse thrust 

due to strong density gradient at the surface of the projectile. We note that for nearly 

symmetric collisions having ɳ=0.2 (in the right panel) lead to a spherical distribution, while 

for the highly asymmetric collisions having ɳ=0.8 (in the left panel) lead to a non-spherical 

distribution for both the co-ordinate and momentum phase space distribution. This is due to 

the reason that number of nucleons in projectile and target are different in both cases. 

Therefore, the contribution of the participant and spectator matter will also be different for all 

the reactions. Thus, the contribution of the mean-field and NN collisions will also different 

for different systems.  
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Fig.3.3: Same as in Fig.3.2, but for the momentum distribution of the nucleons in Px-Pz 

plane. 
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Fig.3.4 and 3.5 shows the same distribution in X-Z and Px-Pz plane for the reverse reactions 

as has been shown in the last section. Here the gold nuclei has been taken as projectile and 

targets are .,, 131

54

56

26

12

6 XeandFeC  

 In figures 3.4 and 3.5, the trends are just opposite as that from the previous results. 

 

3.4.2 Variation of maximum density  max

0/  and average density 

 avg

0/   with time 

When the nuclear matter is subjected to high compression, the large density built up during 

the reaction will be different for different colliding nuclei. In such a case,  it will be 

interesting to study the nuclear dynamics for the different projectiles and same target nuclei. 

To investigate the behaviour of density, an approach mentioned in [67] has been applied. 
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Fig.3.4: Same as Fig.3.2, but for the reversed reactions. 
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                         Fig.3.5: Same as Fig.3.4, but for the Px-Pz plane. 

 

According to this, the density can be defined as: 

                                      
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Here, L is the Gaussian width of the wave packet. The above density is calculated in the 

central sphere of radius 2 fm. This procedure of density determination leads us to two 

possibilities: either (i) one can look for the maximum density  max

0/    reached anywhere 

in this sphere or (ii) one can take an average value over the whole sphere 
avg

0 . 

In Fig.3.6, the time evolution of the 
max

0 for the different mass asymmetric reactions at 

an incident energy of 100 MeV/nucleon and 3.0ˆ b  under the influence of SMD (in upper 

panel) and ISMD (in lower panel) has been displayed. From the figure, it is clear that, with 

the increase in time, the 
max

0  first increases and then decreases for all the asymmetric 

reactions. Rise and fall with time is observed in the behaviour of maximum density. The 

max

0/  with SMD and ISMD shows the same trend. This is because initially, the nuclei 
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are overlapping and highly compressed which gives the highly dense phase of nuclear matter. 

With the passage of time, when nucleon-nucleon collisions occurred and then over, at that 

time, there is a saturation in the collisions and hence in the nuclear matter density also. With 

decrease in the size of the projectile, the 
max

0   for both SMD and ISMD decreases, 

because due to the smaller size of the projectile, the participant zone is less, so the 

compression achieved is also less, which leads to the lower 
max

0 .  The peak value of  

max

0  shifts towards the higher time for heavier mass projectiles, because due to the 

large number of participating nucleons, the colliding nuclei takes more time to completely 

compress each other.    

Similar to Fig.3.6, in Fig.3.7, the dependence of 
avg

0  on time has been displayed.  It is 

clear from the figure, that the 
avg

0/   shows the same behaviour (i.e. rise and fall) as that 

of 
max

0/  .  Also, the uniform distribution of the nucleons in the dense nuclear matter 

leads to almost similar values of 
max

0/   and 
avg

0/  .  
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Fig.3.6:  The variation of maximum density  max

0/   with time at the incident energy of 

100 MeV/nucleon and 3.0ˆ b . Different lines represent the results for different mass 

asymmetries. The upper and lower panels are for SMD and ISMD respectively.  
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Fig.3.7: Same as Fig.3.6, but for average density  avg

0/  . 

  

3.4.3  Dependence of the allowed collision rate  allowed

coll dtdN /  on time 

Fig.3.8 shows the allowed collision rate  allowed

coll dtdN /  as a function of time for the 

different mass asymmetric reactions at an incident energy of 100 MeV/nucleon and 3.0ˆ b . 

The upper panel shows the results for SMD while lower panel shows the results for ISMD. 

The figure depicts that, with the passage of time, the collision rate first decreases from time 

step 0.1 fm/c and then increases upto 15 fm/c. After that the collision rate decreases and then 

it saturates at time 200 fm/c and this trend is followed by all the reactions. But for the nearly 

symmetric reaction, collision rate increases till time 20 fm/c and then decreases. This is due 

to the reason that with the passage of time, compression in the nuclear matter decreases, 

which gives the lesser density that leads to the decrease in the collision rate with time for 

both SMD as well as ISMD. The allowed collision rate is not varied much by the ISMD. Also 

for the  reaction with heavier projectile, the allowed collision rate is larger as compared to the 

reaction with lighter projectile. This is caused due to the increase in the participant matter, 

which leads to larger nucleon-nucleon collisions.  
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Fig.3.8: The variation of the allowed collision  allowed

coll dtdN /  rate with time at an 

incident energy of 100 MeV/nucleon and 3.0ˆ b  under the influence of SMD (shown in 

upper panel) and ISMD (shown in lower panel). Different lines represent the results for 

different mass asymmetries.           

 

3.4.4  Time evolution of various fragments 

In Fig.3.9, the time evolution of the multiplicity of different fragments has been displayed for 

the reactions AuC 197

79

12

6   and XeXe 197

79

131

54  with ɳ = 0.8 (highly asymmetric) and 0.2 (nearly 

symmetric) respectively at an incident energy of 100 MeV/nucleon and 3.0ˆ b  under the 

influence of SMD and ISMD. The panels from top to bottom shows the multiplicity of 

different fragments such as free nucleons [FNs (A=1)], light mass fragments [LMFs 

(2≤A≤4)] and intermediate mass fragments [IMFs(5≤A≤Atot/6)], while the left and right 

panels show the different reactions for which the multiplicity has been calculated.  

With the passage of time, the multiplicity of various fragments increases for both SMD as 

well as ISMD. In the AuC 197

79

12

6   reaction, the projectile nuclei is lighter as compared to the 

projectile of the AuXe 197

79

131

54   reaction. For the case of AuC 197

79

12

6  , the values of multiplicities 

for FNs, LMFs, and IMFs produced with SMD are larger than that for with ISMD. Because   
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 Fig.3.9: The time evolution of the multiplicity of FNs (A=1), LMFs (2≤A≤4) and IMFs 

(5≤A≤Atot/6) for two different reactions, in which one is highly asymmetric (shown in the 

left panel) and the other is nearly symmetric (shown in the right panel) at an incident 

energy of 100 MeV/nucleon and 3.0ˆ b . 

 

in case of SMD, the repulsion among all the nucleons are equal while for the ISMD, the 

repulsion among the neutron-proton pair is lesser as compared to neutron-neutron and proton-

proton. Due to the larger repulsion with SMD, the shattering of the matter into FNs, LMFs 

and IMFs is also large. Also, due to the larger participant matter in case of AuXe 197

79

131

54  , the 

number of emitted FNs, LMFs and IMFs are greater. Whereas, the larger spectator matter 

gives rise to the heavier fragments in case of lighter projectile reaction. It is found that for the 

lighter projectile reaction, the SMD as well as ISMD shows the difference in the multiplicity 

values whereas, for heavier projectile reaction, there is no difference between SMD and 

ISMD because in the former case, the spectator part is more and the SMD plays a significant 

role in the spectator part, so for the ISMD and hence the result follows. From this figure, it 

can be concluded that, ISMD plays a significant role for the lighter projectile reaction, so for 

the further investigation, the results are displayed only for the reaction AuC 197

79

12

6  . 
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3.4.5  Energy dependence of the multiplicity of various fragments 

Fig.3.10, shows the energy dependence of the total multiplicity for the lighter projectile case 

i.e. AuC 197

79

12

6   at 3.0ˆb  under the influence of SMD and ISMD. The figure shows that the 

multiplicity of FNs, LMFs and IMFs increases with the increase in incident energy  because 

with the increase in energy, the compression increases and more matter is driven into the 

participant zone due to which the correlations between the particles break and hence the 

multiplicity of various fragments increases.  

It is to be noted here that the multiplicity of IMFs keeps on increasing with the incident 

energy because for the AuC 197

79

12

6  , the spectator zone is larger and the role of SMD is more 

violent in this region which breaks the heavier fragments into more IMFs. The ISMD plays a  
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Fig.3.10: Dependence of the multiplicity of various fragments with energy at 3.0ˆ b  for 

AuC 197

79

12

6   under the influence of SMD (shown by line with square symbols) and ISMD 

(shown by line with circle symbols). 

 

significant role for the IMFs at all the incident energies, whereas the FNs and LMFs are 

slightly sensitive towards the ISMD. The multiplicities of FNs and IMFs are larger with SMD 

as compared to ISMD for all the incident energies, because of more repulsive nature of the 
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SMD as compares ISMD, the shattering of matter is more and hence the result follows. The 

above scenario is also observed for LMFs, but upto 400 MeV/nucleon. After that SMD and 

ISMD gives the same results. 

 

3.4.6  Impact parameter dependence of the multiplicity of various 

fragments 

Fig.3.11 displays the multiplicities of various fragments (FNs, LMFs, IMFs) as a function of 

the scaled impact parameter for the lighter projectile reaction named AuC 197

79

12

6  . From the 

figure, it is clear that the multiplicity of the various fragments decreases with the increase in 

the impact parameter. It is because of the fact that with the increase in the impact parameter, 

participant zone decreases and the spectator zone increases. With the increase in the spectator  
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Fig.3.11: Dependence of the multiplicity of different fragments (FNs, LMFs and 

IMFs) on the scaled impact parameter for the reaction with ɳ=0.8 at an incident 

energy of 100 MeV/nucleon. Lines with square and circle symbols displays the 

results for SMD and ISMD respectively.  

 

 

zone, most of the nucleons in the spectator part goes unreacted and hence very large 

fragments are produced which goes out of the range of IMFs also. Therefore, with the 

increase in the impact parameter, the multiplicity of the various fragments decreases for the  
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AuC 197

79

12

6   reaction. Also, we see the difference between SMD and ISMD because of the 

reason that for ɳ=0.8, spectator part is larger in which the SMD and ISMD plays a significant 

role. The multiplicities of FNs, LMFs and IMFs are larger in case of SMD as compared to 

ISMD, because the SMD is equally repulsive for all the nucleons, whereas, ISMD is more 

repulsive for neutron-neutron and proton-proton as compared to the neutron-proton. This 

larger repulsion generated in case of SMD gives rise to more shattering of the matter. 

 

3.4.7  Energy and Impact parameter dependence of the largest fragment 

 maxA  

For the further investigation, the influence of ISMD with respect to SMD has been 

investigated with the help of maximum mass fragment  maxA  over the different incident  
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Fig.3.12: The variation of the largest fragment 
maxA with energy at impact parameter 

3.0ˆ b shown by the upper panel, while the lower panel shows the variation of 
maxA with 

impact parameter at an incident energy 100 MeV/nucleon for asymmetric (left panel) and 

nearly symmetric (right panel) reactions.  

 

energies (in the upper panel) and whole colliding geometry (in the lower panel). This 

investigation has been made for the lighter projectile reaction i.e. for ɳ=0.8. From the figure,  
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it is clear that, with increase in the incident energy, the maxA  decreases for SMD as well as 

ISMD because with the increase in energy, the correlations between the particles break. As a 

result of this, maxA  decays into lighter fragments and free nucleons.  

The role of ISMD is influential for ɳ=0.8 because in this case, more matter is driven into the 

spectator part, which contribute towards the higher maxA , and as we know that in the 

spectator part, role of SMD is significant, so with the case of ISMD. Also, the maxA is larger 

with ISMD, because ISMD is lesser repulsive as compared to the SMD, which keeps the 

nucleons together and hence the result follows.  

On the contrary, with increase in the impact parameter, the maxA increases, due to the 

increase in the spectator part. Here also, ISMD influences the 
maxA  significantly.  

 

3.4.8  Variation of the bound charged fragment  boundZ  with Energy and 

Impact parameter 

One more expected probe for ISMD is the bound charged fragment  boundZ . Zbound  is  

defined as the sum of the atomic numbers Zi of all the fragments with Zi ≥ 2. 

In Fig.3.13, the variation of the boundZ  is shown with the incident energy (in the upper 

panel) and over the whole colliding geometry (in the lower panel) for ɳ=0.8. The figure  

depicts that with the increase in incident energy, boundZ  decreases for both the interactions 

(SMD and ISMD). This is because, the higher incident energy gives rise to more breakage of 

the initial correlations among the nucleons, which prevent the charged particles to remain 

together. On the contrary, from the lower panels, it is clear that boundZ  increases with the 

increase in the impact parameter, because with increase in the impact parameter, spectator 

part is larger, in which most of the initial correlations are not broken, which helps to keep the 

charged fragments together, hence the result follows. 

There is a significant effect of ISMD in the AuC 197

79

12

6   reaction. The boundZ  formed with the 

SMD is smaller as compared to that with ISMD, because for ISMD, neutron-proton 

correlations are stronger as compared to neutron-neutron and proton-proton, which leads less 

breaking of the initial correlations as compared to the SMD which is equally repulsive for all 
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                                              Fig.3.13: Same as Fig.3.12, but for boundZ . 

the nucleons. This larger repulsion in case of SMD keeps the charged particles far apart and 

hence lesser value of  boundZ  with SMD as compared to ISMD.  

 

3.4.9 Single neutron to proton ratio (RN/Z) 

The single ratio is just the ratio of neutrons to protons. It is represented by RN/Z in the present 

study. Various experimental and theoretical studies have been reported in the literature that 

focuses on the single ratio of neutron to proton. Some of these are mentioned in the following 

paragraph. 

D. Polster et al. [68] studied the RN/Z  for the thirteen targets in the mass range of A= 12 – 

238 at the low energy antiproton ring (LEAR) at CERN, Geneva. They observed that RN/Z of 

directly emitted neutrons to protons have been determined about twice the RN/Z  in the target 

nucleus nearly independent of its mass. M. Dzelalija et al. [69] also studied the RN/Z  for the 

data of Au+Au central reaction between 100 MeV/nucleon and 400 MeV/nucleon at the GSI 

using the 4π detector system named FOPI. Their analysis has allowed for the extraction of 

the baryonic density, temperature and flow. Another experiment was performed at GANIL 

facility and the charge products were detected with INDRA multidetector. N. Marie et al. 

[70] studied the reaction of 
129

Xe+
nat

Sn for central colliding geometry at 50 MeV/nucleon. 

Their study indicates that the primary excited fragments have the same RN/Z as that of the 
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initial system Xe+Sn. Another experiment [8] in which the N/Z dependence of projectile 

fragmentation at the incident energy of 600 MeV/nucleon has been studied with the ALADIN 

forward spectrometer at the GSI Schwerionen Synchrotron (SIS). They showed that 

fragmentation observables depend weakly on the projectile N/Z ratio, while substantial 

differences are observed for the light fragments (Z≤10). M. Colonna et al. [71] studied the 

effect of  (N/Z)liq-gas   at Fermi energies for the neutron rich and symmetric systems as a 

function of the initial (N/Z)in. They observe that the gas phase is generally more neutron rich 

than the liquid phase and the  liquid phase is more symmetric. X.Y. Sun et al. [72] studied the 

dependence between RN/Z and neutron skin thickness (δnp) in neutron rich nuclei 
50

Ca+
12

C at 

50 MeV/nucleon within the framework of IQMD model. They observed a good linear 

correlation between RN/Z and δnp for neutron rich projectile. Their work suggest that RN/Z  

could be used as an experimental tool to extract the δnp  for neutron rich nucleus. RN/Z  is very 

important tool to study the EoS of asymmetric nuclear matter. J. Xu et al. [73] studied the 

dependence of RN/Z on the symmetry energy for U+U collision at 0.52 GeV/nucleon using an 

isospin and momentum dependent interactions within the framework of the IBUU model and 

concludes that the RN/Z of pre-equilibrium nucleons are slightly more sensitive to the 

symmetry energy. 

In our above studies, the multiplicities of various fragments have been analyzed under the 

influence of ISMD and it is concluded that ISMD plays a significant role for the lighter 

projectile reaction. Now, for the further investigation, it will be interesting to check the effect 

of ISMD on the constituents of various fragments.  

 

(i) Dependence on incident energy 

In Fig. 3.14, the dependence of RN/Z on the incident energy has been tested for the various 

fragments (FNs, LMFs, IMFs) under the effect of SMD (shown by black lines) and ISMD 

(shown by red lines). This analysis has been made for two reactions: lighter projectile 

reaction ( AuC 197

79

12

6  ) and heavier projectile reaction ( AuXe 197

79

131

54  ). The figure leads to the 

following conclusions: 

a) The  RN/Z decreases with increase in the incident energy for both the reactions as well 

as for the two interactions. For the case of FNs, this may be due to the reason that at 

600 MeV/nucleon, there is production of pions also. Also, as the incident energy 

increases, more and more protons become unbound as compared to neutrons, which 

thereby decreases the RN/Z for FNs. 
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b) The values of RN/Z for LMFs and IMFs are larger for ISMD compared to SMD over 

the entire energy regime, whereas the opposite trend is there for the FNs which means 

that the gas phase is more enriched with neutrons for SMD, therefore the RN/Z having 

a larger value for SMD for FNs , whereas, the liquid phase is more enriched with 

neutrons for ISMD, therefore the RN/Z having a larger value for ISMD for LMFs and 

IMFs. This is due to the more repulsive nature of SMD in comparison to ISMD. 

c) Also, the RN/Z for lighter projectile reaction is more affected by the ISMD as 

compared to the heavier projectile reaction.  
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Fig.3.14: Variation of the single neutron to proton ratio (RN/Z) with the incident energy for 

various classes of fragments under the influence of SMD (shown by black lines) and ISMD 

(shown by red lines).  

 

ii) Variation of the multiplicity and RN/Z on the projectile neutron-proton 

ratio   (N/Z)Proj. 

Lastly, the multiplicity and RN/Z has been simultaneously tested for the reactions of different 

isotopic  projectiles of Ca on the Au target. For this, Fig.3.15 shows the multiplicity (left 

panel) and RN/Z (right panel) with the neutron-proton ratio of the projectile (N/Z)Proj.. This 

analysis has been performed at an incident energy 100 MeV/nucleon and 3.0ˆ b  under the 
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influence of SMD (shown by black lines) and ISMD (shown by red lines). The figure reveals 

the following important conclusions: 

a) With increase in the (N/Z)Proj., multiplicity of all the fragments (FNs, LMFs, IMFs) 

increases, which is obviously due to the increase in the participating nucleons. The  

RN/Z  also shows an increasing behaviour with the (N/Z)Proj.. This is due to the increase 

in the number of neutrons in the whole system.  

b) The multiplicity of FNs and LMFs is larger with the SMD for all the (N/Z)Proj. which 

is caused by the more repulsive nature of SMD compared to ISMD. Corresponding to 

this, the  RN/Z is larger with SMD for FNs, while, it is larger for IMFs with ISMD. 

This is because of the reason that SMD drives more neutrons into the gas phase in 

comparison to ISMD, whereas, ISMD drives more protons into the liquid phase as 

compared to SMD. 

Part of these results has been shown in ref. [74,75].  
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Fig.3.15 The dependence of multiplicity and RN/Z on the projectile neutron-proton ratio (N/Z)Proj.          
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3.5  SUMMARY 

 
In the present work, the role of SMD and ISMD interactions have been extensively studied in 

the multifragmentation of asymmetric reactions within the framework of IQMD and IQMD 

(Th01) model respectively. This study has been made for various asymmetric reactions in 

which the target nuclei is taken as gold  Au197

79  and different projectile nuclei. The reactions 

are : AuC 197

79

12

6  (ɳ=0.8), AuMg 197

79

24

12  (ɳ=0.7), AuAr 197

79

40

18  (ɳ=0.6), AuFe 197

79

56

26  (ɳ=0.5), 

AuKr 197

79

83

36  (ɳ=0.4) and AuXe 197

79

131

54  (ɳ=0.2), AuCa 197

79

40

20  (N/Z=1), AuCa 197

79

48

20  (N/Z=1.4), 

AuCa 197

79

52

20  (N/Z=1.6), AuCa 197

79

60

20  (N/Z=2.0).  These reactions have been simulated at 

various incident energies and colliding geometries. The results clearly signifies the 

importance of ISMD in the dynamics of asymmetric reactions, while negligible role is played 

for symmetric  reactions due to lower isospin asymmetry. The present work concludes that, 

ISMD should be considered while studying the various aspects of asymmetric reactions.  
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